Ulleungdo and Dokdo are volcanic islands that experience a characteristic marine climate, influenced by warm currents. The richness and diversity of the plant species, particularly vascular plants, are higher on Ulleungdo than on Dokdo. In contrast to the native plant life, little is known about the diversity of soil fungi living in the rhizosphere of these two islands. In this study, we utilized the barcoded pyrosequencing method to analyze rhizosphere soil fungi on Ulleungdo and Dokdo. In total, 768 operational taxonomic units (OTUs) were analyzed from the Ulleungdo samples, while 640 OTUs and 382 OTUs were analyzed from the Dongdo and Seodo (islets of Dokdo) samples, respectively. Species richness was considerably higher in the Ulleungdo samples than in the Dongdo and Seodo samples, while there was little difference in species diversity between the samples. The taxonomic composition analyses demonstrated that members of the phylum Basidiomycota dominated the Ulleungdo samples, whereas members of the phylum Ascomycota were predominant in the Dokdo samples. Ectomycorrhizal fungi belonging to the phylum Basidiomycota, in particular, were more abundant in the Ulleungdo samples. This finding suggests that the difference in the abundance of the ectomycorrhizal fungi in the rhizospheres of Ulleungdo and Dokdo may have been affected by species richness and diversity of the vascular plants. Our study is the first detailed report of the composition of soil fungal communities on the Ulleungdo and Dokdo islands. In addition, our findings provide a basis for understanding the ecological interactions between plants and fungi.
Introduction
Ulleungdo and Dokdo are volcanic islands located east of the Korean Peninsula, and Dokdo is composed of two main islets, Dongdo and Seodo. The Ulleungdo and Dokdo islands experience a typical oceanic climate owing to the influence of warm currents. The annual average precipitation is lower on Dokdo (660.1 mm) than on Ulleungdo (1,574.4 mm), while the annual average temperature is slightly higher on Dokdo (14.0°C) than on Ulleungdo (12.8°C). In total, 487 species of vascular plants are known to inhabit Ulleungdo, while only 46 species of vascular plants are found on Dokdo. Of these, woody plants comprise approximately 21% (104 species) and 17% (8 species) of the total vascular plant species on Ulleungdo and Dokdo, respectively. In addition to the species richness, the plant species diversity is also considerably higher on Ulleungdo than on Dokdo (Chang et al., 2002; Chung et al., 2011; Kim et al., 2013; Kim et al., 2007; Lee et al., 2007; Lee et al., 2010; Park et al., 2010; Shin et al., 2004; Sohn, 1995) .
A previous study demonstrated that the level of plant species richness has a direct effect on soil carbon (C) and nitrogen (N) stocks (Cong et al., 2014) . More specifically, this study found that soil C and N stocks were measurably increased in mixed plant communities in comparison to plant monocultures. In turn, enhanced soil C and N stocks promote plant productivity (Cong et al., 2014) . Plant species richness and plant species diversity also positively influence soil microbes, particularly soil fungal communities (Hollister et al., 2010; Kernaghan, 2005; Peay et al., 2013; Wu et al., 2013; Zak et al., 2003) . Soil fungi can generally be divided into three basic groups according to their energy-obtaining strategy. The first group is composed of saprophytic fungi, which decompose dead organic matter as a nutritional source. The second group comprises pathogenic fungi that cause diseases in living animals or plants. The last group includes mycorrhizal fungi, which are commonly classified into two groups: endomycorrhizae (arbuscular, arbutoid, ericoid, monotropoid, and orchid mycorrhizae) and ectomycorrhizae. Mycorrhizal fungi exist in mutualistic relationships with living plants, exchanging nutrients and other compounds necessary for survival (Kirk et al., 2001; Peterson et al., 2004; Wang and Qiu, 2006) . Plant species richness and mycorrhizal diversity appear to be interdependent as plant species richness has a pronounced positive effect on the richness and diversity of mycorrhizal fungi, while mycorrhizal diversity promotes an increase in plant species richness. Thus, plants-mycorrhizal fungi interactions play a crucial role in maintaining the balance of an ecosystem, as well as in the cycling of C and N sources (Hollister et al., 2010; Kernaghan, 2005; Peay et al., 2013; Wu et al., 2013; Zak et al., 2003) .
To date, nine fungal species from three classes (Dothideomycetes, Eurotiomycetes, and Sordariomycetes) of the phylum Ascomycota have been isolated from the roots of plants living on Ulleungdo. These species belong to the genera Alternaria, Cladosporium, Exserohilum, Phoma, Pyrenochaeta, Aspergillus, Neosartorya, Penicillium, and Fusarium (Kim et al., 2012) . Meanwhile, 11 fungal species belonging to four classes (Ascomycota_uc, Dothideomycetes, Eurotiomycetes, and Sordariomycetes) of Ascomycota and three species of the subphylum Mucoromycotina have been isolated from the roots of plants from Dokdo: Aspergillus, Eurotium, Penicillium, Talaromyces, Cladosporium, Exserohilum, Acremonium, Fusarium, Gibberella, Pestalotiopsis, Microsphaeropsis, Mucor, Umbelopsis, and Zygorhynchus (You et al., 2011a , 2011b . These studies have focused solely on the diversity of endophytic fungi living within the roots of plants, and no published information on soil fungi living on Ulleungdo and Dokdo is currently available.
In this study, soil fungal communities on Ulleungdo and Dokdo were examined using the barcoded pyrosequencing method. Pyrosequencing is a large-scale parallel sequencing method that is capable of processing large amounts of reads within a short amount of time. Another advantage of pyrosequencing is that one can simultaneously perform sequencing reactions on several environmental samples (Buée et al., 2009; Danielsen et al., 2012; Gilles et al., 2011; Gottel et al., 2011; Shokralla et al., 2012; Streit and Schmitz, 2004) . All soil samples utilized in this study were collected from rhizospheres on the Ulleungdo and Dokdo islands. Fungal species richness and diversity were analyzed, and taxonomic composition of the soil samples from Ulleungdo, Dongdo, and Seodo was assessed. As mentioned above, there are considerable differences in plant species richness and diversity on Ulleungdo and Dokdo. Therefore, the goal of this study was to acquire comprehensive information on soil fungal communities of these islands and to analyze the ecological interactions between plant and fungal species.
Materials and Methods
Collection of soil samples. Samples were obtained from a forest in the Seonginbong Mountain on Ulleungdo island (37°30′12″ N, 130°51′58″ E), and from forests on the Dongdo (37°14′26.8″ N, 131°52′10.4″ E) and Seodo (37°14′30.6″ N, 131°51′54.6″ E) islets of Dokdo. Each of the soil cores was collected from the rhizosphere in July 2013. Five sites per region were randomly selected, and a soil core (depth: 10 cm, diameter: 2 cm) was sampled from each site (Fig. 1) . The five soil cores from each region were pooled and homogenized. DNA extraction and pyrosequencing. For pyrosequencing analysis, metagenomic DNA was extracted from soil samples with the FastDNA SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA, USA). The resulting DNA was then utilized in a PCR reaction to amplify the D1/D2 region of the large-subunit rRNA gene (Vilgalys and Hester, 1990) . The fusion primers used in the reaction contained 454 specific adapters, a key sequence (4 bp), a barcode sequence (only in the reverse primer, 7-9 bp), a linker sequence (2 bp), and the universal primers (LR0R and LR3). The forward primer sequence was 5′-CCTATCCCCTGTGTGCCTTGGCAGTC-TCAG-TG-ACCCGCTGAAYTTAAGCATAT-3′ and the reverse primer sequence was 5′-CCATCTCATCCCTGCGTGTCTCCGAC-TCAG-X-GA-CTTGGTCCGTGTTTCAAGAC-3′; "X", representing the barcode sequence, was used for sample multiplexing. The Sampling sites are indicated with black dots on the maps.
PCR reaction was performed using a PTC-200 Peltier Thermal Cycler (MJ Research, Waltham, MA, USA). All PCR products were purified using the QIAquick PCR Purification Kit (QIAGEN, Valencia, CA, USA), and the DNA products were quantified using the Quant-iT TM PicoGreen ® dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA) and a TBS-380 Mini Fluorometer (Turner BioSystems, Sunnyvale, CA, USA). Equal amounts of the resulting PCR products from each sample were pooled and separated by agarose gel electrophoresis. DNA samples longer than 300 bp were then purified from the gel, and the length of the DNA fragments was verified using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) (Panaro et al., 2000) . The pyrosequencing reaction was performed using a 454 GS FLX Titanium Sequencing System (Roche, Branford, CT, USA). All pyrosequencing data were submitted to the Sequence Read Archive (SRA) database under the study accession number PRJEB7304 (http://www.ebi.ac.uk/ena/data/view/ PRJEB7304).
Taxonomic identification and statistical data analysis.
Raw pyrosequencing reads were sorted by their barcode sequences. The barcoded fusion primers were trimmed, and low-quality sequences (ambiguous base calls ≥2, read length <300 bp, or average quality value <25) were filtered out. Taxonomic assignment of all pre-processed sequences was performed using the Ribosomal Database Project (RDP) Naïve Bayesian rRNA Classifier (version 2.6) trained on Fungal LSU training set 11, with a default confidence threshold (80%) (Liu et al., 2012; Porter and Golding, 2012; Wang et al., 2007) . Operational taxonomic units (OTUs) were analyzed with the CD-HIT program at 97% sequence similarity (Li and Godzik, 2006) . The mothur platform was used for calculating rarefaction curves and diversity indices (Chao1, Shannon, and Simpson) (Heck et al., 1975; Schloss et al., 2009) .
Results and Discussion

Pyrosequencing results and statistical analyses
In total, 8,770 reads were sequenced from the Ulleungdo sample, and the number of valid reads after preprocessing was 6,757 (Table 1) . The mean read length of the valid reads was 493.41 bp, and the minimum and maximum read lengths were 300 bp and 553 bp, respectively. In total, 5,982 valid reads were obtained from the Dongdo sample and 4,700 from the Seodo sample. The mean lengths of the Dongdo and Seodo reads were 491.88 bp and 497.48 bp, respectively; the minimum read lengths of both were 301 bp, while the maximum read lengths were 559 bp and 566 bp, respectively. The Ulleungdo sample contained 768 OTUs, the highest among any of the samples. In contrast, the Seodo sample yielded the lowest amount, 382 OTUs (Table 1) . The species richness (the rarefaction curve and Chao1) was also higher in the Ulleungdo sample than in the Dongdo and Seodo samples (Fig. 2, Table 1 ). These findings, consistent with those of previous studies, indi- OTUs were clustered at 97% similarity with CD-HIT. cate that the fungal species richness is directly proportional to the plant species richness. In one study, however, McGuire et al. (2012) found that precipitation levels might have a greater effect on fungal species richness than plant species richness levels. As the annual average rainfall on Ulleungdo is approximately 2.4 times higher than that on Dokdo, we were unable to rule out possible precipitation-induced effects on fungal species richness of Ulleungdo and Dokdo. There were small differences in the diversity indices (Shannon and Simpson) between the three soil samples: Ulleungdo (4.648 and 0.054), Dongdo (4.625 and 0.041), and Seodo (4.115 and 0.053) ( Table 1) . These data suggest that the proportion of certain dominant species could be higher in the Ulleungdo sample than in the Dongdo and Seodo samples. The Good's coverage values were high in each of the samples: Ulleungdo, 0.946; Dongdo, 0.953; and Seodo, 0.966. These results indicate that the number of singleton OTUs was low in all of the samples; therefore, the depth of sequencing coverage was sufficient for our analyses.
Comparison of fungal communities between Ulleungdo, Dongdo, and Seodo
The taxonomic composition of Ulleungdo, Dongdo, and Seodo soil samples was first analyzed at the phylum level (Fig. 3) . For all subsequent analyses, sequences pertaining to previously uncharacterized organisms were not studied further. The relative abundance of the Blastocladiomycota and Glomeromycota phyla was very low in each of the samples. Meanwhile, the proportion of the phylum Chytridiomycota was slightly higher in the Dongdo (2.1%) and Seodo (2.3%) samples than in the Ulleungdo sample (0.6%). Interestingly, the phylum Basidiomycota was detected at considerably higher levels in the Ulleungdo sample (68.9%) in comparison to the Dongdo (32.7%) and Seodo (49.2%) samples. In contrast, the relative abundance of the phylum Ascomycota was significantly higher in the Dongdo (58.7%) and Seodo (43%) samples than in the Ulleungdo sample (25.5%).
Previous studies on soil fungal communities have confirmed that the phyla Ascomycota and Basidiomycota are commonly dominant in the soil environment (Buée et al., 2009; Gottel et al., 2011; Wu et al., 2013) . Members of these phyla are generally classified into several groups, depending on their biological characteristics: saprophytic fungi, pathogenic fungi, mycorrhizal fungi, endophytic fungi, lichen-forming fungi, etc. Saprophytic fungi are commonly divided into three groups, most of which belong to the phylum Basidiomycota: brown-rot fungi, softrot fungi, and white-rot fungi. The majority of the ectomycorrhizal fungi, which live on the roots of vascular plants, also belong to the phylum Basidiomycota (Kirk et al., 2001; Peterson et al., 2004; Wang and Qiu, 2006) . The species richness and diversity of the vascular plants is much higher in Ulleungdo than in Dokdo. We therefore concluded that the richness in Basidiomycota might be due to the high species richness and diversity of vascular plants on the island.
Ten distinct fungal classes were found to comprise at least 1% of the total classes detected in one or more of the Ulleungdo, Dongdo, or Seodo samples. The relative abundance of these classes was assessed in each sample (Fig.  4) . Among the Ascomycota, the classes Fungal phyla with a relative abundance greater than 1% in at least one of the three samples are shown.
Archaeorhizomycetes,
Leotiomycetes, and Saccharomycetes were more abundant in the Ulleungdo sample than in the Dongdo and Seodo samples. Members of the class Archaeorhizomycetes are commonly found in roots and in rhizosphere soil and are often saprophytic (Rosling et al., 2011) , while members of the class Leotiomycetes are known to have saprophytic, pathogenic, mycorrhizal, and/or endophytic characteristics (Wang, 2007) . Dothideomycetes was the predominant class of Ascomycota in the Dongdo sample, representing 29.64% of all classes detected. Meanwhile, Dothideomycetes comprised only 15.87% and 6.77% of the classes detected in the Seodo and Ulleungdo samples, respectively. Most members of Dothideomycetes have endophytic and/or saprophytic characteristics; however, some have been characterized as plant pathogens (Hane et al., 2007; Schoch et al., 2009) . Two additional classes of Ascomycota, Eurotiomycetes and Sordariomycetes, which include pathogenic fungal species (Hedeler et al., 2007) , were more abundant in the Dongdo (Eurotiomycetes, 7.91%; Sordariomycetes, 15.55%) and Seodo (Eurotiomycetes, 5.23%; Sordariomycetes, 17.35%) samples than in the Ulleungdo sample (Eurotiomycetes, 1.23%; Sordariomycetes, 6.19%) . The presence of the class Tremellomycetes, belonging to the phylum Basidiomycota, was very similar in all samples. However, a class of Basidiomycota, Agaricomycetes, was the most abundant class detected in the Ulleungdo sample (66.27%). The Agaricomycetes were also highly prevalent in the Seodo (46.47%) and Dongdo samples (29.74%). These fungi exhibit saprophytic, pathogenic, and/or mycorrhizal characteristics.
In total, 16 fungal families accounted for at least 1% of the families detected in one or more of the Ulleungdo, Dongdo, or Seodo samples. We analyzed the taxonomic composition of these families ( Table 2 ). The family Botryosphaeriaceae of the class Dothideomycetes of Ascomycota was one of the predominant families detected in the Ulleungdo sample but not in the Dokdo sample. Conversely, the families Phaeosphaeriaceae and Pleosporaceae comprised greater than 1% of the families detected in the Dokdo samples but not in the Ulleungdo sample. In particular, there was a marked difference among the Ulleungdo, Dongdo, and Seodo samples with respect to the proportion of Pleosporaceae (0.18%, 10.88%, and 6.62%, respectively). Members of the families Botryosphaeriaceae, Phaeosphaeriaceae, and Pleosporaceae are saprophytes and/or pathogens (Cannon and Kirk, 2007; Kodsueb et al., 2006; Slippers and Wingfield, 2007) . The family Herpotrichiellaceae of the class Eurotiomycetes of Ascomycota was present at high levels only in the Dongdo sample, whereas the family Trichocomaceae comprised greater than 1.0% of all families detected in the Dongdo and Seodo samples. Members of Herpotrichiellaceae have been characterized as human pathogens (de Hoog et al., 2003; Haase et al., 1999) , while members of Trichocomaceae maintain saprophytic, pathogenic, and/or endophytic characteristics (da Costa et al., 1998; Khan et al., 2008; Samson et al., 2004; Valdez et al., 2006) . The families Clavicipitaceae and Hypocreaceae of the class Sordariomycetes of Ascomycota were slightly more abundant in the Dongdo sample than in the Ulleungdo Fungal classes with a relative abundance greater than 1% in at least one of the three samples are shown. Ten classes from four phyla (Agaricomycetes, Archaeorhizomycetes, Chytridiomycetes, Dothideomycetes, Eurotiomycetes, Leotiomycetes, Saccharomycetes, Sordariomycetes, Tremellomycetes, and Zygomycota incertae sedis) are depicted.
and Seodo samples. Notably, the relative abundance of the family Nectriaceae of the class Sordariomycetes was higher on Dongdo (3.86%) and Seodo (4.22%) than on Ulleungdo (0.65%). Members of the families Hypocreaceae and Nectriaceae are parasitic fungi, while members of the family Clavicipitaceae are either symbiotic or parasitic (Gräfenhan et al., 2011; Spatafora et al., 2007) . In summary, majority of the Ascomycota families were more abundant on Dokdo than on Ulleungdo.
Of the class Agaricomycetes of Basidiomycota, the families Cantharellaceae, Russulaceae, and Thelephoraceae were detected only in the Ulleungdo sample, with Russulaceae being the most abundant family detected in the samples. Members of these families are mushroomforming ectomycorrhizal fungi (Horton and Bruns, 2001 ).
Interestingly, the family Entolomataceae of the class Agaricomycetes was the most dominant family in the Seodo sample, comprising 15.34% of the families detected. Members of this family are also mushroom-forming ectomycorrhizal fungi (Co-David et al., 2009) .
Thirteen distinct fungal genera accounted for at least 1% of the genera detected in the samples from Ulleungdo, Dongdo, or Seodo. We therefore analyzed the taxonomic composition of these genera (Table 3) . Of the class Dothideomycetes, the genus Chaetoconis was detected only in the Ulleungdo sample, whereas the genera Alternaria and Chaetosphaeronema were detected only in the Dongdo and Seodo samples. Alternaria, which includes saprophytic and plant pathogenic fungi (Tsuge et al., 2013) , was predominant in Dongdo samples. Proportions of the The list of those fungal genera with a relative abundance greater than 1% in at least one of the three samples is shown. Taxon names (phylum, class, order, family, and genus) are concatenated using an underline (_). a Relative abundance. b Frequency of fungi detected in each sampling site. Table 2 .
Relative abundance of fungal families in Ulleungdo, Dongdo, and Seodo.
The list of those fungal families with a relative abundance greater than 1% in at least one of the three samples is shown. Taxon names (phylum, class, order, and family) are concatenated using an underline (_). a Relative abundance. b Frequency of fungi detected in each sampling site. genera Chromocleista and Penicillium of the class Eurotiomycetes were higher in the Dongdo sample than in the Ulleungdo and Seodo samples. The genus Penicillium comprises saprophytic, pathogenic, and/or endophytic fungi (da Costa et al., 1998; Khan et al., 2008; Samson et al., 2004; Valdez et al., 2006) . Interestingly, the genus Gibberella of the class Sordariomycetes was only detected in the Dongdo and Seodo samples. Members of this genus are also saprophytic, pathogenic, and/or endophytic (Bai and Shaner, 2004; Eo et al., 2014) . The genus Plectosphaerella of the class Sordariomycetes was more abundant on Seodo (2.03%) than on Ulleungdo (0.06%) or Dongdo (0.17%). Members of this genus are known as plant pathogenic fungi (Carlucci et al., 2012) . In the class Agaricomycetes of Basidiomycota, the genera Craterellus, Lactarius, Mycena, and Russula were detected only in the Ulleungdo sample, whereas the genus Omphalina was detected only in the Seodo sample. Notably, Craterellus (7.07%) was the predominant genus detected in the Ulleungdo sample. Craterellus, Lactarius, and Russula include ectomycorrhizal mushrooms (Baier et al., 2006) , while Mycena comprises saprophytic mushrooms (Steffen et al., 2007) . Although our results indicate a variation in the species richness estimation between Ulleungdo, Dongdo, and Seodo, the ecological interaction between the plants and fungi on these islands remain unclear. However, the taxonomic composition analyses demonstrated that the distribution of the members of the phyla Ascomycota and Basidiomycota is biased between Ulleungdo and Dokdo. Most of the ectomycorrhizal fungi (phylum Basidiomycota) were detected at higher levels on Ulleungdo, while the pathogenic fungi (phylum Ascomycota) were predominant on Dokdo. Ectomycorrhizal fungi maintain a mutualistic relationship with roots of many vascular plants, including those of the families Betulaceae, Cistaceae, Fabaceae, Fagaceae, Gnetaceae, Myrtaceae, Orchidaceae, Pinaceae, and Salicaceae (Wang and Qiu, 2006) . Five of these families (Fabaceae, Fagaceae, Orchidaceae, Pinaceae, and Salicaceae) are presented by 60 species in Ulleungdo (Chung et al., 2011) . Therefore, the richness and diversity of vascular plant species and the composition of the members of the class Agaricomycetes are closely related. Further studies and continuous monitoring of the plant species richness and diversity are needed for the analysis of the dynamics of fungal communities in the rhizospheres of Ulleungdo and Dokdo. In particular, it is necessary to study how transplantation of vascular plants grown under aseptic conditions would affect both the fungal composition and the fungal species richness and diversity in Dokdo. In conclusion, this study provides the first detailed study of the composition of soil fungal communities on Ulleungdo and Dokdo as well as a basis for understanding the ecological interactions between plants and fungi.
